Assessment of the structure and variability of Weddell Sea water masses in distinct ocean reanalysis products by T. S. Dotto et al.
Ocean Sci., 10, 523–546, 2014
www.ocean-sci.net/10/523/2014/
doi:10.5194/os-10-523-2014
© Author(s) 2014. CC Attribution 3.0 License.
Assessment of the structure and variability of Weddell Sea water
masses in distinct ocean reanalysis products
T. S. Dotto1, R. Kerr1, M. M. Mata1, M. Azaneu1, I. Wainer2, E. Fahrbach3, and G. Rohardt3
1Laboratório de Estudos dos Oceanos e Clima, Instituto de Oceanograﬁa, Universidade Federal do Rio Grande – FURG,
Rio Grande, RS, 96203-900, Brazil
2Laboratório de Oceanograﬁa Física, Clima e Criosfera, Instituto Oceanográﬁco, Universidade de São Paulo – USP,
São Paulo, SP, 05508-120, Brazil
3Stiftung Alfred-Wegener-Institut für Polar- und Meeresforschung in der Helmholtz-Gemeinschaft,
Fachbereich Klimawissenschaften, Sektion Messende Ozeanographie, Postfach 120121 Bremerhaven, Germany
Correspondence to: T. S. Dotto (tiagodotto@furg.br)
Received: 16 January 2014 – Published in Ocean Sci. Discuss.: 14 February 2014
Revised: 5 May 2014 – Accepted: 10 May 2014 – Published: 23 June 2014
Abstract. We assessed and evaluated the performance of
ﬁve ocean reanalysis products in reproducing essential hy-
drographic properties and their associated temporal variabil-
ity for the Weddell Sea, Antarctica. The products used in
this assessment were ECMWF ORAS4 (European Centre for
Medium-Range Weather Forecasts Ocean Reanalysis Sys-
tem 4), CFSR (Climate Forecast System Reanalysis), My-
Ocean UR025.4 (University of Reading), ECCO2 (Estimat-
ing the Circulation and Climate of the Ocean, Phase II) and
SODA (Simple Ocean Data Assimilation). The present study
focuses on the Weddell Sea deep layer, which is composed
of the following three main water masses: Warm Deep Wa-
ter (WDW), Weddell Sea Deep Water (WSDW) and Weddell
Sea Bottom Water (WSBW). The MyOcean UR025.4 prod-
uct provided the most accurate representation of the structure
and thermohaline properties of the Weddell Sea water masses
when compared with observations. All the ocean reanalysis
products analyzed exhibited limited capabilities in represent-
ing the surface water masses in the Weddell Sea. The CFSR
and ECCO2 products were not able to represent deep wa-
ter masses with a neutral density≥28.40kgm−3, which was
considered the WSBW’s upper limit throughout the simula-
tion period. The expected WDW warming was only repro-
duced by the SODA product, whereas the ECCO2 product
wasabletorepresentthetrendsintheWSDW’shydrographic
properties. All the assessed ocean reanalyses were able to
represent the decrease in the WSBW’s density, except the
SODA product in the inner Weddell Sea. Improvements in
parameterization may have as much impact on the reanalyses
assessed as improvements in horizontal resolution primarily
because the Southern Ocean lacks in situ data, and the data
that are currently available are summer-biased. The choice of
the reanalysis product should be made carefully, taking into
account the performance, the parameters of interest, and the
type of physical processes to be evaluated.
1 Introduction
The Southern Ocean is considered an important region
for better understanding the global overturning circulation
(GOC) because of the regional formation and export of bot-
tom waters to the global ocean (e.g., Talley, 2013). The
GOC’s deeper branch starts with the formation of Antarc-
tic Bottom Water (AABW), which occurs regionally around
the Antarctic margins (Whitworth et al., 1998) as a result
of the mixing of warm and salty intermediate waters with
near-surface freezing-point shelf or ice-shelf waters. The
AABW’s properties are dependent on several complex phys-
ical processes coupled with atmosphere–ocean–cryosphere
processes, including sea-ice formation, opening of coastal
polynyas, melting under deep ice shelves, deep ocean con-
vection, and entrainment of overlying or surrounding wa-
ters (e.g., Carmack and Foster, 1975; Foldvik et al., 1985;
Nicholls et al., 2009; Ohshima et al., 2013).
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The Weddell Sea is thought to be the major contributor
to AABW’s formation and export to the global ocean (e.g.,
Orsi et al., 1999; Huhn et al., 2008; Kerr et al., 2012a; van
Sebille et al., 2013). Regionally, the bottom layer consists of
WeddellSeaBottomWater(WSBW),thedensestAABWva-
riety in the Weddell Sea. WSBW is produced by a mixture of
Shelf Waters (SW) with Warm Deep Water (WDW) or modi-
ﬁed WDW (MWDW) near the shelf–slope break (e.g., Foster
and Carmack, 1976; Foldvik et al., 1985). This bottom wa-
ter mass is primarily conﬁned to the Weddell Basin (Orsi et
al., 1993) and eventually can be exported from the source re-
gion due to mixture with overlying Weddell Sea Deep Water
(WSDW) or ﬂow through deep channels (Orsi et al., 1995).
WSDW is the less dense Weddell Sea deep water variety that
contributes to the AABW after leaving the source areas. It
can be formed either directly or by a mixture of WSBW with
WDW during the downslope ﬂow (Orsi et al., 1993, 1999).
Because WSDW is less dense than WSBW, it is easily ex-
ported from the Weddell Sea into the global ocean through
the narrow passages of the South Scotia Ridge (e.g., Naveira
Garabato et al., 2002; Franco et al., 2007). WDW is a branch
of the Circumpolar Deep Water (CDW) that enters the Wed-
dell Sea at ca. 30◦ E (Gouretski and Danilov, 1993). Thus,
any change occurring during the AABW-formation process
can be reﬂected in global circulation via the deep branch
of the overturning cell (Lumpkin and Speer, 2007; Talley,
2013).
Over the past few decades, changes in the thermohaline
properties of AABW source waters have been reported, such
as freshening of the dense waters in the shelf regions (e.g.,
Hellmer et al., 2011; Azaneu et al., 2013) and long-term
warming of WDW within the Weddell Sea (e.g., Robertson
et al., 2002; Smedsrud, 2005). In turn, WSBW in the inner
Weddell Sea also experienced warming during the second
half of the 1990s (Fahrbach et al., 2004, 2011). Moreover,
Huhn et al. (2013) found that all deep water masses in the
Weddell Sea were continually growing older and becoming
less ventilated from 1984 to 2011. In concordance with these
ﬁndings, a decrease in the WSBW’s contribution (∼20%) to
the total water mass mixture in the Weddell Basin occurred in
the 1980s and 1990s near the Greenwich Meridian and at the
tip of the Antarctic Peninsula (Kerr et al., 2009a). More re-
cently, Azaneu et al. (2013) fully investigated the most com-
plete Southern Ocean data set available and found a reduc-
tion in the volume of AABW in addition to warming and de-
creasing density from 1958 to 2011 in the deep and bottom
layers south of 60◦ S. Despite the reported freshening of the
AABW layer at the Drake Passage during the period 1993–
2010 (Jullion et al., 2013), no sign of this freshening trend
was found by Azaneu et al. (2013) in WSDW/WSBW layers
in the last 50 years (1958–2011) in the inner Weddell Sea. In
a global context, the AABW’s layer in the global basins un-
derwent a contraction from the 1980s to the 2000s (Purkey
and Johnson, 2012).
In spite of the efforts made to understand the physical
processes associated with those long-term changes, the re-
gional seas of the Southern Ocean have limited and gener-
ally summer-biased sampling opportunities. The lack of con-
sistent in situ observations precludes a better understanding
of connections between those processes and their possible
implications for the global climate. To overcome this limita-
tion in data coverage, numerical ocean models powered by
data-assimilation systems (i.e., reanalysis systems) are po-
tentially valuable tools. Reanalysis provides a physical pic-
ture of the global climate over a period during which ob-
servational data are available, making it possible to mini-
mize the information gaps in spatial and temporal coverage
in those regions. However, ocean reanalysis systems can pro-
duce spurious trends and inhomogeneity (Carton and San-
torelli, 2008) caused by the limited and summer-biased sam-
pling, especially at high southern latitudes (Bromwich et al.,
2011). Moreover, a good representation of the physical pro-
cesses occurring in ocean and climate models together with
accurate hydrographic data observed in the Weddell Sea,
which can be investigated through ocean reanalysis prod-
ucts, should signiﬁcantly inﬂuence the hydrography of the
Southern Ocean and South Atlantic (Hellmer et al., 2005). In
this way, validation of ocean reanalysis products is needed
to evaluate the suitability, consistency, and applicability of
these products for long-term investigations in the Southern
Ocean.
The present study aims to assess and compare the repre-
sentation and variability of the hydrographic properties of
Weddell Sea deep water masses using ﬁve recent ocean re-
analysis products to identify which reanalysis product best
reproduces the main regional oceanographic features. The
paper is organized as follows: Sect. 2 provides a description
of the ﬁve ocean reanalysis products investigated here. The
observational data set used for the structure and variability
assessments of the Weddell Sea water masses is described in
Sect. 3. A comparison of the results of each ocean reanalysis
product is described in Sect. 4. Finally, Sect. 5 summarizes
and addresses the study’s main results and conclusions.
2 Ocean reanalysis data sets
We assessed the capabilities of the ﬁve ocean reanalysis
products, which are brieﬂy described below, in terms of the
potential temperature (θ), salinity (S) and neutral density
(γ n; Jackett and McDougall, 1997) of seawater. The main
characteristics of the ocean reanalysis products are reported
in Table 1. To assess the robustness of those products for
modeling the Weddell Sea, we compared the ocean reanal-
ysis data sets against an observational data set for the period
spanning from the 1980s to the 2000s.
The European Centre for Medium-Range Weather Fore-
casts Ocean Reanalysis System 4 (ECMWF ORAS4) is a
global reanalysis system based on the ocean model Nucleus
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for European Modelling of the Ocean (NEMO) version 3
(Madec, 2008). The method of data assimilation used is 3D-
Var (three-dimensional variation; Mogensen et al., 2012).
ECMWF ORAS4 assimilates the temperature and salinity
proﬁles from EN3, sea-level anomalies and sea surface tem-
perature (SST). The sea-ice concentration (SIC) data are
from ERA-40 (ECMWF 40 Years Reanalysis), and they are
only used to correct the SST values (Balmaseda et al., 2013).
The ocean model is driven by daily ﬂuxes of heat, mo-
mentum and freshwater from the ERA-40 (prior to 1989),
the ERA-Interim (from 1989 to 2010) and ECMWF’s op-
erational archive (after 2010; Balmaseda et al., 2013). This
ocean reanalysis product is hereafter referred to as ECMWF.
The Climate Forecast System Reanalysis (CFSR) is a cou-
pled atmosphere–ocean–land surface–sea-ice data assimila-
tion.TheoceansystemisbasedontheModularOceanModel
version 4p0d (MOM4), which is coupled with an interactive
ice model (Grifﬁes et al., 2008). CFSR uses 3D-Var as the
data assimilation method (Saha et al., 2010). The reanalysis
system assimilates temperature proﬁles from XBT (expend-
able bathythermograph), moorings, Argo ﬂoats and SST only
in the top 750m (Xue et al., 2011). CFSR also assimilates
synthetic salinity proﬁles (Xue et al., 2011) and SIC (Saha
et al., 2010). The atmospheric model is based on the previ-
ous National Center for Environmental Prediction (NCEP)
operational global forecast system (Saha et al., 2010). It is
important to note that the CFSR ocean reanalysis uses a com-
bination of six data streams, each from a different initial con-
dition (Saha et al., 2010). This segmentation leads to serious
discontinuity in the deep ocean, which has consequences for
decadal prediction (Xue et al., 2011). For this reason, CFSR
assessment was only performed for climatological analysis
and was not included in the evaluation of time series proper-
ties.
The MyOcean University of Reading (UR025.4) reanaly-
sis product is performed with the ocean model NEMO ver-
sion 3.2 coupled with Louvain-la-Neuve ice model version
2 (LIM2; Fichefet and Morales-Maqueda, 1997). It includes
an annual estimation of Antarctica ice sheet melt in the
oceanic model (Ferry et al., 2012). The assimilation system
used in UR025.4 is an Optimal Interpolation (OI) scheme
based on the UK Met Ofﬁce operational FOAM–NEMO sys-
tem (Storkey et al., 2010). It assimilates in situ and satellite
SST data, satellite sea level data, satellite SIC data, and in
situ temperature and salinity proﬁle data from the EN3 data
set. Surface atmospheric forcing is obtained from the ERA-
Interim, and bulk ﬂuxes are calculated as suggested by Large
and Yeager (2009). Hereafter, the UR025.4 reanalysis prod-
uct is referred to as MyOcean.
The Estimating the Circulation and Climate of the Ocean,
Phase II (ECCO2) reanalysis system is based on the global
ocean model of the Massachusetts Institute of Technology
general circulation model (MITgcm; Marshall et al., 1997)
in a cube–sphere grid. MITgcm is coupled to a sea-ice model
that computes ice thickness, ice concentration, and snow
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cover. ECCO2 uses Green’s function as an assimilation sys-
tem (Menemenlis et al., 2005). It assimilates sea surface
height anomalies, SST, temperature and salinity proﬁles, and
sea-ice concentration, motion and thickness. We used the so-
lution “cube 92” with a 0.25◦ regular latitude–longitude grid
here (hereafter referred to as ECCO2). The surface forcing of
this solution is provided by the Japanese 25-year Reanalysis
(JRA-25;Onogietal.,2007).Werestrictedtheanalysistothe
period 1992–2005 because ECCO2 has poorly represented
the water properties in most of the Southern Ocean during
the last 6 years (2005–2010) of the simulation (Azaneu et
al., 2014), showing abrupt changes in the properties of deep-
water masses. These authors showed that after the opening
of the oceanic polynya in 2004, the thermohaline values of
Weddell Sea water masses became unrealistic, most likely
because of strong, open-ocean deep convection simulated in
the Weddell Sea.
Simple Ocean Data Assimilation version 2.2.4 (hereafter
SODA) is a global reanalysis system based on the Parallel
Ocean Program version 2.0.1 (Smith et al., 1992). The assim-
ilationsystemusedinSODAisanOImultivariatesequential-
type scheme (Carton and Giese, 2008). It assimilates in situ
temperature and salinity proﬁles and in situ and satellite
SSTs. The ocean model is forced by ﬂuxes of heat, momen-
tum and freshwater from the Twentieth Century Reanalysis
Project version 2 (20CRv2; Compo et al., 2011). SODA does
not use a sea-ice model, although the surface heat ﬂux is
modiﬁed when the surface temperature reaches the freezing
point of seawater.
3 Observational data sets, reanalysis outputs and
methods used for reanalysis evaluation
The in situ θ and S were selected from two WOCE (World
Ocean Circulation Experiment) hydrographic repeat sections
in the Weddell Sea (Table 2; Fig. 1) as follows: (i) section
WOCE A12 (also referred to as WOCE SR2 in the literature)
along the Greenwich Meridian, with a sampling period span-
ning from 1984 to 2010 (e.g., Fahrbach et al., 2011); and
(ii) section WOCE SR4 between Joinville Island and Kapp
Norvegia, with a sampling period spanning between 1989
and 2010 (e.g., Fahrbach et al., 2004). Section WOCE A12
was restricted to latitudes higher than 60◦ S. All observed θ
and S data were collected by high-accuracy CTDs. Those
sections were chosen to be evaluated in the Weddell Sea be-
cause of the availability of historical data nearby, because
of their importance in regional circulation and the export of
deep waters (e.g., Naveira Garabato et al., 2002; Klatt et al.,
2005; Kerr et al., 2012a), and because they are representative
of the entire Weddell Basin. Reanalysis grid points closer to
the geographical location of the in situ hydrographic stations
(observations) were selected from the monthly mean ﬁelds
corresponding in time to the period of the in situ measure-
ments.
Table 2. Overview of the observed hydrographic sections used for
the validation of the reanalyses. Details of the observed data can
be found in Whitworth and Nowlin (1987), Fahrbach et al. (2001,
2004, 2007, 2011), Fahrbach and De Baar (2010) and Rohardt et
al. (2011).
Expedition Cruise period (dd/mm/yyyy) WOCE section
AJAX (leg 2) 16/01/1984–29/01/1984 A12
ANT-VIII/2 06/09/1989–31/10/1989 SR4
ANT-IX/2 16/11/1990–30/12/1990 SR4
ANT-X/4 21/05/1992–30/07/1992 A12
ANT-X7 03/12/1992–23/01/1993 SR4
ANT-XIII/4 17/03/1996–20/05/1996 A12/SR4
ANT-XV/4a 28/03/1998–23/05/1998 A12/SR4
ANT-XVI/2 09/01/1999–16/03/1999 A12
ANT-XVIII/3 05/12/2000–12/01/2001 A12
ANT-XX/2 24/11/2002–23/01/2003 A12
ANT-XXII/3 21/01/2005–06/04/2005 A12/SR4
ANT-XXIV/3 06/02/2008–16/04/2008 A12/SR4
ANT-XXVII/2b 28/11/2010–05/02/2011 A12/SR4
a Does not extend all of the way to the shelf in the eastern Weddell Sea. b Only 2010 data
are used.
Because the ocean reanalysis data sets have different verti-
cal resolutions and because the position of observed stations
varies between occupations, we linearly interpolated the ob-
servational data sets to the vertical grid for each reanalysis to
allow direct comparisons among the ocean reanalysis prod-
ucts and observations. Horizontally, the reanalysis and the
observational data sets were spatially interpolated and grid-
ded with 0.5◦ latitude and 1◦ longitude for the WOCE A12
and WOCE SR4 sections, respectively.
The structure of the water column was evaluated using
classical θ–S diagram comparisons, and simple differences
in the hydrographic properties of the sections between the
reanalysis results and ﬁeld observations were calculated. We
used the root-mean-square error (RMSE) criteria following
Heuzé et al. (2013) to evaluate which ocean reanalysis prod-
uct better represented the entire water column. In addition,
the statistical patterns of the hydrographic ﬁelds were eval-
uated using a normalized Taylor diagram (Taylor, 2001) for
a more robust comparison of the reanalysis products being
evaluated. Brieﬂy, the normalized Taylor diagram combines
statistical parameters (correlation coefﬁcient – r, normalized
standard deviation – σn, and normalized centered root-mean-
square error – CRMSE) to compare the spatial patterns from
the ocean reanalyses and the observed hydrographic ﬁelds.
The CRMSE is used as a measure of the difference between
values predicted by a model and values that are observed,
minimizing the effect of the model mean bias. Further details
and equations are presented in Taylor (2001). We performed
the statistical analysis considering the entire water column
and used the ﬁeld observations as the reference data set. The
reanalysis ﬁelds that showed better concordance with the
observations lie closer to the reference point in the Taylor
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Figure 1. Schematic locations of the hydrographic sections. WOCE A12 is found along  1083 
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Norvegia. The arrows indicate the direction of the Antarctic Circumpolar Current  1085 
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Figure 1. Schematic locations of the hydrographic sections. WOCE A12 is found along the Greenwich Meridian, and WOCE SR4 lies
between Joinville Island and Kapp Norvegia. The arrows indicate the direction of the Antarctic Circumpolar Current (ACC; black) and the
Weddell Gyre (red) ﬂows. The thin black and gray lines represent the 500, 1500, and 3000m isobaths.
diagram(i.e.,hadlowCRMSEandhighr andσn valuesclose
to 1).
For the time series of water mass properties, we show the
range of values for the station data sets, excluding the station
set of 1998 at WOCE SR4. We used the original resolution of
each data set (i.e., a monthly time series) to evaluate patterns
of variability in the hydrographic properties, and the annual
linear trend was ﬁt for each time series of hydrographic prop-
erties.
3.1 Deﬁnition of the water masses
The Weddell Sea water masses were deﬁned based on the
γ n isopycnal surfaces for all data sets. The interface between
the surface and intermediate layers was deﬁned as proposed
by Franco et al. (2007). We used the deﬁnition of Orsi et
al. (1999) to distinguish between the deep and bottom layers
in the inner Weddell Sea. Thus, we separated the water mass
layers from the surface to the bottom using the γ n isopyc-
nals of 28.1, 28.27, and 28.4kgm−3, corresponding to the
AASW–WDW, WDW–WSDW, and WSDW–WSBW inter-
faces, respectively.
4 Results
4.1 Water column structure and simple differences in
hydrographic properties
In general, all of the ocean reanalysis products that were
evaluated captured the main structure of the water masses
in the Weddell Sea (Figs. 2, 3). The lighter AASW could be
observed lying above the warm and salty intermediate wa-
ter (WDW), with θ and S decreasing with depth and mark-
ing the dense deep (WSDW) and bottom (WSBW) waters
of the Weddell Sea. The ECMWF, MyOcean and SODA
products had the θ–S structures that most closely approxi-
mated the observations of both the WOCE A12 and WOCE
SR4 sections, especially when considering the intermedi-
ate and deep layers (WDW, WSDW, and WSBW). ECCO2
showed a similar θ–S structure when compared with obser-
vation data. However, its dense WSBW layer was ∼0.2 ◦C
warmer than the in situ data. The CFSR product captured the
stratiﬁcation of the water masses along the water column,
but its θ–S structure was displaced by warmer (except for
the WDW layer) and fresher hydrographic properties, conse-
quently making most layers lighter than the in situ data.
All the ocean reanalysis products evaluated had difﬁculty
representing the AASW hydrographic values (Figs. 2–9).
The mismatch between the data and the surface water rep-
resentations was most likely a consequence of difﬁculties the
products faced in reproducing several complex processes and
ﬂuxes acting on the ocean surface, which are seasonally in-
ﬂuenced by physical processes at the air–sea and sea ice–
ocean interfaces (Whitworth et al., 1998). The majority of
the reanalyses showed the mean differences colder by 0.002–
0.16 ◦C than those actually observed in the data recorded in
situ along the WOCE A12 line (Fig. 4). Conversely, for the
WOCE SR4 section, all the reanalyses revealed mean dif-
ferences that were 0.06–0.4 ◦C warmer than the observations
(Fig. 5).For S, mostof the reanalyses overestimated thisﬁeld
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Figure 2. θ-S diagrams from section WOCE A12. Gray (black) dots are observation  1089 
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1091 
Figure 2. θ–S diagrams from section WOCE A12. Gray (black) dots are observation (reanalysis) data. Solid lines are potential density
isopycnals.
by a mean difference of 0.01–0.11 in both sections (Figs. 6,
7), whereas for the γ n ﬁeld, the majority of the reanal-
yses showed a mean underestimation of 0.004–0.3kgm−3
(Figs. 8, 9). For the S and γ n ﬁelds, CFSR showed the
greater mean differences (−0.3±0.17 for salinity and −0.3±
0.16kgm−3 for neutral density), whereas MyOcean detected
minor differences (an overestimation of 0.003±0.09 for
S and an underestimation of 0.004±0.08kgm−3 for γ n).
The greatest mean differences were found primarily at the
AASW–WDW interface and near the continental boundaries
(Figs. 4–9). Note that along the WOCE sections, depending
on the product, the simulated values both underestimated and
overestimated the observations (Figs. 4–9).
In general, the majority of the ocean reanalysis products
showed cold and fresh waters relative to the observations
at intermediate depths (Figs. 4–7). However, the ECMWF,
CFSR and ECCO2 products did not appear to follow this
generalpatternforθ belowadepthof∼1000m.Theθ differ-
encevariedfrom∼0.05 ◦CfortheMyOceanproducttomore
than ∼0.2 ◦C for the CFSR and ECCO2 products (Figs. 4,
5). The differences in the S ﬁeld were greater than 0.05 for
CFSR and ECMWF (near the Antarctic Margin) in both the
WOCE A12 (Fig. 6) and WOCE SR4 (Fig. 7) sections. The
MyOcean reanalysis had the smallest differences in the S
ﬁeld compared to the observed data (<0.003) at the inter-
mediate layer among all of the reanalysis products evaluated
here. In this layer, the γ n ﬁeld was clearly dependent on the
S differences found in each ocean reanalysis product. The
differences in the reanalyses’ intermediate layers were most
likely advected with WDW into the Weddell Gyre because
the colder and fresher WDW variety could be observed in
section WOCE A12 (Figs. 4, 6).
At the deep layer, the reanalysis showed two distinct pat-
terns of θ differences. The MyOcean and SODA reanal-
ysis products were generally colder than observations by
less than 0.05◦ C, whereas CFSR and ECCO2 were warmer
for both the WOCE A12 (Fig. 4) and WOCE SR4 sections
(Fig. 5). These latter reanalysis products overestimated θ
values (∼0.2–0.4 ◦C warmer), leading to the representation
of bottom waters that did not reach the WSBW tempera-
ture threshold (i.e., −0.7 ◦C; Carmack and Foster, 1975) or
its corresponding neutral density (28.4kgm−3). In contrast,
the ECMWF product was warmer than observations at sec-
tion WOCE A12 (Fig. 4) and colder at WOCE SR4 (Fig. 5).
This reanalysis also showed a temperature overestimation of
∼0.3 ◦C near the Antarctic margins at 1000–2000m depth
(Figs. 4, 5) due to a representation of the WDW inﬂow core
deeper and closer to the Antarctic continent than indicated
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Figure 3. Same as in Fig. 2, but for section WOCE SR4.   1093 
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Figure 3. Same as in Fig. 2, but for section WOCE SR4.
by the observations. At this layer, the S ﬁeld showed smaller
differences than those of the whole upper structure of the
water column, as demonstrated by the underestimation of S
in almost all the sections by all the products, except for the
WOCE SR4 section by the CFSR product (Figs. 6, 7). The
θ value had greater inﬂuence on the γ n ﬁeld at this layer be-
cause of the smaller differences in S. The salinity differences
in the CFSR results (0.025–0.05; Figs. 6, 7), associated with
its warm ocean representation (>0.2 ◦C; Figs. 4, 5), helped
to increase the difference in density with respect to obser-
vations, resulting in differences of ∼−0.1kgm−3 (Figs. 8,
9). None of the reanalysis systems evaluated represented the
downslope ﬂow of the WSBW plume in the western conti-
nental slope of the WOCE SR4 section during the period an-
alyzed (Fig. 9) as expected from observations (e.g., Fig. 02
of Fahrbach et al., 2001).
4.2 Statistical representation of the hydrographic
spatial ﬁelds
We used the RMSE to quantify the accuracy of the ocean re-
analysis products in representing the hydrographic ﬁelds. A
reanalysis was considered accurate if, for each hydrographic
parameter, the RMSE was smaller than the mean RMSE of
theﬁvereanalysisproducts.Table3summarizestheaccuracy
threshold for each parameter. The use of RMSE criteria re-
vealed that ECMWF and MyOcean could be considered ac-
curate in their representation of almost all parameters except
for WOCE SR4 θ and WOCE A12 S, respectively (Table 3).
For SODA, only S and γ n were accurate in both sections.
ECCO2wasaccuratein itsrepresentationofallhydrographic
ﬁelds at WOCE SR4, but only γ n was acceptable at WOCE
A12 (Table 3). Conversely, the RMSE criteria showed that
CFSR was not accurate in representing any of the variables
analyzed in any section (Table 3), with all of its RMSEs
above the mean RMSE of the ﬁve reanalyses. However, the
mean RMSE could be inﬂuenced by the CFSR results, given
that CFSR does not assimilate the WOCE deep-ocean data. It
is fairer to judge the accuracy of the reanalysis outputs with-
out CFSR RMSE, because using this approach the four re-
analyses compared assimilate WOCE data. When CFSR was
not considered, the mean RMSE decreased, and ECMWF
was no longer accurate for most of the hydrographic proper-
ties (Table 3). In this sense, only MyOcean could be consid-
eredtoaccuratelyrepresentallthehydrographicpropertiesof
the Weddell Sea. Table 3 also shows that the RMSE for salin-
ity was higher in WOCE A12 than in WOCE SR4. This dif-
ference could be associated with more intense hydrodynamic
processes occurring closest to the WOCE A12 section (e.g.,
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Figure 4. Section WOCE A12. Representation of the time-averaged in situ data and the differences between the reanalyzed and observed
data for θ. ECMWF, CFSR, MyOcean, ECCO2, and SODA results are indicated in each ﬁgure. The upper 500m is expanded to show more
detail.
Table 3. RMSE results used to evaluate the accuracy of the reanalyses, as established by Heuzé et al. (2013). The mean RMSEs of the ﬁve
reanalyses assessed are in parentheses, and the mean RMSEs, considering all products except CFSR, are in italics. Reanalyses that have an
RMSE lower than the mean RMSE are considered accurate in the intercomparison.
A12 SR4
θ ◦C S γn kgm−3 θ ◦C S γn kgm−3
(0.2838) (0.2366) (0.0779) (0.2919) (0.0995) (0.1078)
(0.2534) (0.2288) (0.0512) (0.2794) (0.0662) (0.0631)
ECMWF 0.2631 0.2101 0.0576 0.2977 0.0826 0.0768
CFSR 0.4018 0.2676 0.1846 0.3420 0.2326 0.2421
MyOcean 0.1704 0.2424 0.0325 0.1710 0.0533 0.0516
ECCO2 0.2889 0.2610 0.0701 0.2883 0.0647 0.0598
SODA 0.2948 0.2018 0.0447 0.3606 0.0642 0.0608
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Figure 5. Same as in Fig. 4, but for section WOCE SR4.  1101 
  1102 
Figure 5. Same as in Fig. 4, but for section WOCE SR4.
Klatt et al., 2005) than in WOCE SR4, implying that that re-
gion is more sensitive to changes in the water column struc-
ture. The dynamic impacts on the three dimensional oceanic
ﬂow ﬁeld all the way up through the water column is accen-
tuated by the presence of the Maud Rise seamount (Holland,
2001). In less dynamic regions – e.g., WOCE SR4 (which is
dampened by the Weddell Gyre circulation) – most of the re-
analysis methods were able to represent the S ﬁeld, including
MyOcean and ECCO2, despite not meeting the accuracy cri-
teria for WOCE A12. We also evaluated the representation of
the hydrographic properties of each reanalysis using a more
robust statistical analysis through the standardized Taylor di-
agram (Fig. 10).
Generally, all of the ocean reanalysis products evaluated
in this study represented the γ n and θ ﬁelds better than
the S ﬁeld throughout the water column in both sections
(Fig. 10). In WOCE A12, a good representation of the γ n
ﬁeld was correlated with a good representation of the θ ﬁeld
(Fig. 10a), whereas in WOCE SR4, both the S and θ reanal-
ysis ﬁelds were responsible for good γ n statistical measure-
ments (Fig. 10b).
In the WOCE A12 section (Fig. 10a), the reanalysis sys-
tems that gave results closest to the reference point were
MyOcean and SODA, both with CRMSEs of less than 0.25
and correlation coefﬁcients (rs) of 0.99 for γ n. ECMWF
and ECCO2 had CRMSEs of ∼0.25 and rs of ∼0.97;
however, the former system had a slightly better r and a
normalized standard deviation of ∼1, which implied that
ECMWF provides a better representation than ECCO2. For
θ, MyOcean was also close to the reference (CRMSE ∼0.25
and r > 0.95), but followed by ECMWF and then ECCO2
and SODA. The MyOcean product was the closest to the
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Figure 6. Section WOCE A12. Representation of the time-averaged in situ data and the differences between the reanalyzed and observed
data for S. ECMWF, CFSR, MyOcean, ECCO2, and SODA results are indicated in each ﬁgure. The upper 500m is expanded to show more
detail.
reference for salinity (CRMSE ∼0.60 and r ∼ 0.80), fol-
lowed by ECMWF and SODA. For all ﬁelds, the CFSR prod-
uct was the furthest from the reference point in this section.
In WOCE SR4 (Fig. 10b), MyOcean produced the clos-
est reanalysis results to the reference, with a CRMSE<0.25
and r ∼0.98 for all ﬁelds. In this section, ECCO2 had
CRMSE<0.32 and r > 0.94 for all hydrographical prop-
erties, which made it the second most accurate reanalysis
system. SODA showed γ n and S ﬁelds closer to the refer-
ence point than ECMWF; however, θ in the latter reanalysis
had a better CRMSE and r than in the ﬁrst system. As for
WOCE A12, CFSR was the furthest from the reference point
(except for θ). CFSR showed a good θ distribution pattern
(Fig. 10), although it had signiﬁcant differences in absolute
values (Figs. 5, 7, 9).
4.3 Variability and trends in deep water masses
Oceanreanalysisproductsarepowerfultoolsthatcanbeused
in climate studies because of their generally high temporal
resolution. To make use of this property, we also assessed
the temporal variability and trends of the deep water masses
represented by each reanalysis product.
4.3.1 Warm Deep Water
Most of the reanalysis systems evaluated represented the
WDW layer (28.1≤ γ n <28.27kgm−3) as warmer and
saltier in WOCE A12 (Fig. 11) than in WOCE SR4 (Fig. 12).
This difference occurs because WDW advection towards the
inner Weddell Sea is associated with cooling and freshening
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Figure 7. Same as in Fig. 6, but for section WOCE SR4.
of this water mass through mixing processes with upper wa-
ters (e.g., Schröder and Fahrbach, 1999). Moreover, the dif-
ferences between A12 and SR4 support that the mixing pro-
cesses along the WDW pathway are being captured by most
of the reanalysis products.
The ECMWF, MyOcean and ECCO2 θ and S ﬁelds
showed a decreasing trend for both of the areas analyzed
during the following periods: 1980–2011, 1993–2004, and
1992–2004 (Table 4). These trends were observed clearly
beyond the 1990s. Although MyOcean and ECCO2 had hy-
drographic ﬁelds represented until 2010, here they were only
evaluateduntil 2004 because of theanomalous variability ob-
served in both reanalysis systems beyond 2004 (Figs. 11, 12).
ECCO2 showed a clearly negative trend in θ and S in both
sections, which began in the second half of the 1990s and in-
tensiﬁed beyond 2004 (Figs. 11, 12) due the opening of an
oceanic polynya near the prime meridian that led to injec-
tion of dense water directly at great depths (Azaneu et al.,
2014). In contrast, SODA showed increasing trends of θ and
S (1980–2010) for this water mass in both sections, although
these trends were not statistically signiﬁcant at WOCE A12
(Table 4). In addition, this was the only reanalysis that cap-
tured a signiﬁcant decreasing trend in the γ n ﬁeld through-
out the period analyzed, which was associated with its in-
creased potential temperature in section WOCE SR4 (Ta-
ble 4). SODA also showed a marked temporal variability in
γ n throughout the entire series (Figs. 11, 12).
4.3.2 Weddell Sea Deep Water
The ECMWF reanalysis product showed a stable period in
the WOCE A12 section between 1987 and 2007 (Fig. 13),
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Figure 8. Section WOCE A12. Representation of the time-averaged in situ data and the differences between the reanalyzed and observed
data for γn. ECMWF, CFSR, MyOcean, ECCO2, and SODA results are indicated in each ﬁgure. The upper 500m is expanded to show more
detail.
whereas before 1987 and after 2007, anomalous vari-
ability patterns were observed; in WOCE SR4, ECMWF
showed low levels of variability throughout the entire pe-
riod (Fig. 14). The MyOcean and ECCO2 products showed
an anomalous period after 2004 in both sections (Figs. 13,
14). These anomalous periods in ECMWF (in section WOCE
A12), MyOcean and ECCO2 were not considered when we
calculated the trends for the hydrographic properties of the
WSDW layer (28.27≤ γ n <28.4kgm−3).
ECMWF, MyOcean and SODA showed cooling, fresh-
ening and increasing density trends in section WOCE A12
(Fig. 13) for the periods 1987–2007, 1993–2004 and 1980–
2010, respectively (Table 4). For 2000–2007, ECMWF
showedadeclineinγ n thatwasassociatedwithitsincreasing
θ. In the same period, S also exhibited a slight increase that
could also be observed in the in situ data (Fig. 13). In con-
trast, ECCO2 showed warming, freshening and lightening
trends for the same section from 1992 to 2004 (Fig. 13) al-
though only the S trend was statistically signiﬁcant (Table 4).
In WOCE SR4 (Fig. 14), ECMWF and SODA showed
cooling and freshening trends (Table 4), with the former un-
veiling a lightening trend and the latter showing the opposite
pattern. In this section, there was a colder and fresher pat-
tern in 2008 that was only captured in ECMWF, but it was
intensiﬁed in comparison to the observations (Fig. 14). The
MyOcean and ECCO2 products showed warming, increas-
ing salinity and lightening trends until 2004 (Table 4), but
only the latter reanalysis had signiﬁcant results. After 2005,
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Figure 9. Same as in Fig. 8, but for section WOCE SR4.
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Figure 10. Taylor diagrams of sections WOCE A12 (a) and WOCE SR4 (b). θ (blue), S (red), and γn (black). ECMWF (square), CFSR
(plus sign), MyOcean (pentagram), ECCO2 (circle), and SODA (diamond). Observed data serve as a reference (green R).
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n. The grey shading indicates the standard deviation  1129 
due to variation caused by the different station locations in the different years of the  1130 
hydrographic cruises. The dots indicate the values derived from the observed data, and  1131 
the pentagrams are the values from the corresponding reanalysis data. Note that the  1132 
scales are different to show the variability in the time series. The gray rectangles denote  1133 
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Figure 11. Time series of monthly mean hydrographic properties of WDW in ECMWF, MyOcean, ECCO2, and SODA (top to bottom)
averaged along the WOCE A12 section line. From left to right: θ, S, and γn. The gray shading indicates the standard deviation due to
variation caused by the different station locations in the different years of the hydrographic cruises. The dots indicate the values derived from
the observed data, and the pentagrams are the values from the corresponding reanalysis data. Note that the scales are different to show the
variability in the time series. The gray rectangles denote the period in which the hydrographic properties showed anomalous variability.
an anomalous cooling and freshening occurred in ECCO2 in
response to a polynya that opened in the Weddell Sea (Aza-
neu et al., 2014), and WSDW increased in density (Figs. 13,
14).
4.3.3 Weddell Sea Bottom Water
For WSBW (γ n ≥ 28.4kgm−3), ECMWF revealed a warm-
ing trend beyond the second half of the 1990s (Figs. 15, 16).
However, when the entire period (1980–2011) was consid-
ered, a cooling trend was observed in both sections (Table 4).
Inaddition,ECMWFexhibitedafresheningtrendthroughout
the entire period (Table 4; Figs. 15, 16). In section WOCE
SR4 (Fig. 16), ECMWF also modeled 2008 as a year subject
to cooling and freshening, which was also observed in the in
situ data. The γ n decreased in both sections throughout the
entire period (Table 4) and was clearly observed beyond the
1990s (Figs. 15, 16).
The MyOcean product showed an increasing trend in θ
and S and an opposite trend in γ n in the 1993–2010 period
in WOCE A12 (Table 4). Its WSBW annual mean results
were similar to the in situ data (Figs. 15, 16). In WOCE
SR4 (Fig. 16), there was an anomalous increase in all hydro-
graphic properties after 2010. In the period 1993–2009, the
MyOcean reanalysis showed warming and lightning trends
(Table 4).
SODA’s monthly mean values were clearly warmer and
saltier than those observed by in situ data (Figs. 15, 16). In
section WOCE A12 (Fig. 15), θ and S exhibited an increas-
ing trend throughout the 1980–2010 period, and a decrease
in γ n was observed (Table 4). However, in section WOCE
SR4 (Fig. 16), only S had a statistically signiﬁcant trend, in-
dicating long-term freshening.
5 Discussion and conclusions
The ocean reanalysis products evaluated here (ECMWF,
CFSR, MyOcean, ECCO2 and SODA) have few common
characteristics. Instead, their ocean models, spatial resolu-
tions (both horizontal and vertical), assimilation methods,
observed data sets being assimilated, couplings with sea-ice
models, and physics applied to ocean and sea-ice models all
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Figure 12. Time series of monthly mean hydrographic properties of WDW in ECMWF, MyOcean, ECCO2, and SODA (top to bottom)
averaged along the WOCE SR4 section line. From left to right: θ, S, and γn. The gray shading indicates the standard deviation due to
variation caused by the different station locations in the different years of the hydrographic cruises (excluding the set of stations of 1998).
The dots indicate the values derived from the observed data, and the pentagrams are the values from the corresponding reanalysis data. The
ﬁlled markers denote full sections, and the open markers denote section 1998, which does not extend over the entire eastern margin of the
Weddell Sea. Note that the scales are different to show the variability in the time series. The gray rectangles denote the period in which the
hydrographic properties showed anomalous variability.
differ (Table 1). Thus, the evaluation of some features can be
representedindistinctwaysbecausetheoceanmodeldynam-
ics can respond to different assimilations procedures, param-
eterizations, and initial forcing ﬁelds (Figs. 2–9). For exam-
ple, all of the reanalyses represented the inﬂow/outﬂow cores
of WDW in the WOCE SR4 repeat section, but the core aver-
age depths, shapes and spatial extensions differed among all
of the products evaluated (not shown). It is important to eval-
uate the ocean reanalysis systems because if some common
biases exist, dynamically complex regions will be difﬁcult to
capture in the ocean models.
Moreover, it is important to highlight that the WOCE data
set cannot be considered a fully independent test of the re-
analysis products because this data set is assimilated during
the simulation phase by most of the models. In this sense, it
is reasonable that CFSR deviates from the WOCE observa-
tions much more than any of the other products (Figs. 2–9).
However,intheabsenceofanyindependentobservations,the
WOCE data set remains the best choice for such evaluation
because of its comprehensive nature, high resolution and the
representativeness of the Weddell Sea water mass structure
and spatial distribution.
The ocean surface layer was the location of the major dif-
ferences among the ocean reanalysis products (Figs. 4–9). A
good representation of the surface ocean is vital for climate
studies, but even the products coupled with a sea-ice model
(i.e., CFSR, MyOcean, and ECCO2) did not correctly repre-
sent the surface properties. The errors in the representation
of surface water can also be observed in the θ–S diagrams
(Figs. 2, 3) and may be consequences of the difﬁculties faced
when reproducing the complex processes acting on the sur-
face ocean, such as the processes and ﬂuxes at the air–sea
and ice–ocean interfaces. One exception to this trend in mis-
ﬁt was the MyOcean reanalysis, which provided similar lev-
els of variability in hydrographic properties compared to the
observations in both sections, despite the persistence of dif-
ferences in the absolute values.
In contrast to the representations of the surface layer, the
deep-ocean representations deviated less from the observed
data in terms of absolute values (Figs. 2–9). In this layer, the
ECMWF, MyOcean and SODA products provided the most
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Table 4. Linear ﬁts and conﬁdence bounds (95% conﬁdence) of the annual time series of hydrographic properties. Bold font indicates a
statistically signiﬁcant trend (P ≤ 0.05). The period considered to determine the trends depends on the water mass in each reanalysis.
WDW WSDW WSBW
WOCE A12
ECMWF
Period of the trend 1980–2011 1987–2007 1980–2011
θ (◦Cyr−1) −0.0040 (±0.0016) −0.0052 (±0.0021) −0.0009 (±0.0003)
S (yr−1) −0.0004 (±0.0001) −0.0006 (±0.0002) −0.0003(±0.00004)
γn (kgm−3 yr−1) −0.0001 (±0.0001) +0.0003 (±0.0002) −0.0001(±0.00003)
MyOcean
Period of the trend 1993–2004 1993–2004 1993–2010
θ (◦Cyr−1) −0.0033 (±0.0041) –0.0022 (±0.0017) +0.0022(±0.0003)
S (yr−1) −0.0001 (±0.0004) −0.0002 (±0.0002) +0.0002(±0.0001)
γn (kgm−3 yr−1) +0.0009 (±0.0005) +0.0002 (±0.0002) −0.0003(±0.0001)
ECCO2
Period of the trend 1992–2004 1992–2004 –
θ (◦Cyr−1) −0.0374 (±0.0120) +0.0003 (±0.0019) –
S (yr−1) −0.0032 (±0.0007) −0.0002 (±0.00007) –
γn (kgm−3 yr−1) +0.0002 (±0.0012) −0.0004 (±0.0004) –
SODA
Period of the trend 1980–2010 1980–2010 1980–2010
θ (◦Cyr−1) +0.0010 (±0.0020) −0.0005 (±0.0004) +0.0001(±0.0001)
S (yr−1) +0.0001 (±0.0002) −0.00001 (±0.00003) +0.00001 (±0.000004)
γn (kgm−3 yr−1) +0.0001 (±0.0003) +0.0001 (±0.00004) −0.00002(±0.00002)
WOCE SR4
ECMWF
Period of the trend 1980–2011 1980–2011 1980–2011
θ (◦Cyr−1) −0.0080 (±0.0026) −0.0004 (±0.0006) −0.0005 (±0.0003)
S (yr−1) −0.0006 (±0.0002) −0.0001 (±0.00005) −0.0002 (±0.00004)
γn (kgm−3 yr−1) +0.0003 (±0.0001) −0.0001 (±0.0001) −0.0002 (±0.00005)
MyOcean
Period of the trend 1993–2004 1993–2004 1993–2009
θ (◦Cyr−1) −0.0127 (±0.0100) +0.0014 (±0.0051) +0.0014 (±0.0010)
S (yr−1) −0.0002 (±0.0004) +0.0001 (±0.0004) −0.00002 (±0.0001)
γn (kgm−3 yr−1) +0.0018 (±0.0012) −0.00005 (±0.0005) −0.0004 (±0.0001)
ECCO2
Period of the trend 1992–2004 1992–2004 –
θ (◦Cyr−1) −0.0516 (±0.0062) +0.0049 (±0.0016) –
S (yr−1) −0.0038 (±0.0003) +0.0003 (±0.0001) –
γn (kgm−3 yr−1) +0.0001 (±0.0004) −0.0008 (±0.0002) –
SODA
Period of the trend 1980–2010 1980–2010 1980–2010
θ (◦Cyr−1) +0.0041 (±0.0014) −0.0003 (±0.0003) −0.0001 (±0.0001)
S (yr−1) +0.0002 (±0.0001) −0.00001 (±0.00003) −0.00001 (±0.00001)
γn (kgm−3 yr−1) −0.0003 (±0.0002) +0.0001 (±0.00004) +0.00001 (±0.00001)
accurate absolute values among all of the reanalyses evalu-
ated. Considering the hydrographic properties analyzed, γ n
was best represented for all of the reanalyses, which reﬂects
the fact that θ and S can compensate for each other to bet-
ter represent the deep layers in ocean reanalysis products
(Fig. 10). Kerr et al. (2012b) reported a good representation
of the deep ocean structure and water mass contribution in
the Weddell Sea and Weddell–Scotia Conﬂuence through an
investigation of the earlier version of the SODA product (ver-
sion 1.4.2). The same authors reported that SODA version
1.4.2 represented the S ﬁeld for the deep ocean poorly. The
SODA product version 2.2.4 analyzed here showed an im-
proved S ﬁeld due to some modiﬁcations from the previous
version (e.g., an increase in assimilated salinity data).
The horizontal resolution among the ocean reanalyses
evaluated here varied from 1◦ (e.g., ECMWF) to 1/4◦ (e.g.,
ECCO2 and MyOcean; Table 1). Although increased hori-
zontal resolution is important to better simulate hydrographic
representations, we highlight that improvements in parame-
terization, such as advection schemes and subgrid-scale mix-
ing processes, may have as much impact on the reanalyses as
modest increases in horizontal resolution (e.g., Renner et al.,
2009). For example, for the deep layers, the ECCO2 product
(1/4◦) had greater differences in absolute values (in relation
to the in situ data) than the ECMWF product (1◦; Figs. 2–9).
One must examine the model biases (because the deep ocean
layers are normally poorly sampled) and assimilation meth-
ods used. Furthermore, as reported by Dee (2005), all data
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Figure 13. Same as in Fig. 11, but for WSDW.   1148 
1149 
Figure 13. Same as in Fig. 11, but for WSDW.
assimilation systems are affected by systematic errors associ-
ated with the following: (i) problems with input data, (ii) ap-
proximations relative to the in situ observations, (iii) limi-
tations of the assimilating models, and (iv) the assimilation
methodology itself. Because these errors are intrinsic to each
reanalysis, our validation could have been biased by at least
one of these points. Moreover, comprehensive data quality
control before data assimilation is an essential step in as-
sessing reanalysis quality. In fact, increasing the deep-ocean
observations available for assimilation by ocean reanalysis
products is required to better represent this region of the
oceans.
Three of the ﬁve reanalysis products evaluated here were
coupled with sea-ice models (i.e., CFSR, MyOcean, and
ECCO2). Coupling with a sea-ice model is essential for
reproducing the deep-water properties in ocean circula-
tion models (e.g., Kerr et al., 2009b) because both dy-
namic and thermodynamic sea-ice processes play signiﬁcant
roles in the Southern Ocean’s climate variability and bot-
tom water formation (e.g., Jacobs and Comiso, 1989; Vene-
gas and Drinkwater, 2001). Although CFSR and ECCO2
both contained sea-ice models, they portrayed deep wa-
ter masses as being warmer than what was provided in
the observations, and CFSR also showed fresher waters at
the deep layer (Figs. 2–9). Neither of these two reanalysis
systems was able to properly reproduce the WSBW layer
(γ n ≥28.40kgm−3). However, ECCO2 represented the spa-
tial variability and water mass distribution well with respect
to the in situ data (Fig. 10). Conversely, the SODA and
ECMWF reanalyses represented absolute values of θ, S and
γ n of the deep waters that were close to observations despite
the absence of a suitably coupled sea-ice model. This re-
sult highlights the fact that surface data assimilation in those
products are responding satisfactorily to represent the pro-
cesses and exchanges at the air–sea interface.
None of the reanalyses represented the downslope ﬂow
of dense water in the western slope of section WOCE SR4
(Figs.5,7,9).Thoselimitationsareexpectedforz levelmod-
els (Winton et al., 1998), which could lead to excessive di-
apycnal mixing and poor representation of downslope ﬂows
(Willebrand et al., 2001). A simple way to improve the repre-
sentation of denser varieties of AABW is to use certain pro-
cedures to directly inject dense water from the continental
shelf to the deep ocean (e.g., Briegleb et al., 2010). Recently,
Heuzé et al. (2013) showed that the process of AABW for-
mation was not represented accurately in climate models,
leading to extensive areas of deep ocean convection. Kerr
et al. (2012a) investigated a high-resolution (1/12◦) simu-
lation of the OCCAM model and noted that despite the ab-
sence of a dense shelf break and slope plume in the model,
the presence of deep ocean convection could explain the rel-
atively good AABW export rates to the global ocean from
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Figure 14. Same as in Fig. 12, but for WSDW.   1151 
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Figure 14. Same as in Fig. 12, but for WSDW.
the Weddell Sea. Heuzé et al. (2013) suggested that a super-
parameterization scheme, perhaps based on a high-resolution
isopycnal model, might improve the downslope-ﬂow repre-
sentation. In addition, the use of a low-vertical-resolution
model for deep ocean layers is not effective in representing
water masses such as WSBW, which is less than 1km thick
(e.g., Fahrbach et al., 2001; Kerr et al., 2009a). Thus, increas-
ing the vertical resolution of the deep and bottom layers in
ocean models, which is frequently performed for the surface
ocean, could be further considered to more consistently rep-
resent the deep ocean structure and make future ocean mod-
els more accurate.
Adding ice shelves in a coupled sea ice–ocean model im-
proves the simulation of the sea-ice cover and alters the hy-
drography in the Weddell Sea with global effects, as shown
by Hellmer (2004) and Wang and Beckmann (2007). Kerr
et al. (2009b) and Renner et al. (2009) also noted the need
for adequate sea-ice models and the inclusion of ice-shelf
processes to improve simulations of global ocean circulation
models. More recently, Meccia et al. (2013), using a regional
ocean model, showed that the representation of Ice Shelf Wa-
ter was improved in their experiment that included ice-shelf
thermodynamic parameterization in the Weddell Sea. None
of the reanalyses discussed here included the ice shelves
in their simulations, even though such shelves are key ele-
ments in the formation of Ice Shelf Water – water masses
that are directly involved in the formation of WSBW (Fold-
vik et al., 1985). MyOcean simulations included the effects
of the Antarctica ice sheet melt in its oceanic model, and this
inclusion mayhave improved therepresentation of its surface
salinity absolute values (Figs. 6, 7). Ice-shelf effects on the
ocean structure could be inserted in ocean reanalysis prod-
ucts if observations near those areas became available. The
inclusion of ice shelves in models is a factor that must be
strongly considered for the optimization of deep-ocean rep-
resentation in future reanalysis results, but more observations
under permanent ice shelves would also most likely result in
better ocean reanalysis outputs in the Weddell Sea.
Ocean reanalysis products are powerful tools for climate
studies because of their generally high-temporal resolution.
Thus, the horizontal and vertical spatial-average representa-
tions and their temporal variability should be assessed. Over
the last decade, several studies have highlighted the variabil-
ity and trends in the hydrographic properties of the Wed-
dell Sea. The most prominent trend is the WDW warm-
ing from the 1970s to the 2000s (Robertson et al., 2002;
Smedsrud, 2005; Fahrbach et al., 2004, 2011). Consider-
ing the products investigated here, only the SODA reanal-
ysis showed a statistically signiﬁcant WDW warming trend
(+0.0041 ◦Cyr−1; Table 4) in the WOCE SR4 section during
the 1980–2010 period. This trend found by the SODA prod-
uct was less than that observed at the WDW inﬂow in the
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Figure 15. Same as in Fig. 11, but for WSBW.   1154 
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Figure 15. Same as in Fig. 11, but for WSBW.
Weddell Sea from 1971 to 2000 (+0.012 ◦Cyr−1; Robert-
son et al., 2002), which could be associated with the eval-
uation of the entire section here. In contrast, the ECMWF,
MyOcean and ECCO2 products showed statistically signif-
icant cooling trends (Table 4) in both sections for the pe-
riods 1980–2011, 1993–2004 and 1992–2004, respectively.
Following the cooling shown in ECMWF, MyOcean, and
ECCO2, the products showed a freshening trend, whereas in
SODA, S increased with time (Table 4). According to ob-
served data, WDW freshened during the 1971–2000 period
(see, for instance, Fig. 9 from Robertson et al., 2002). How-
ever, sparse temporal data showed an increase in salinity be-
tween the 1980s and the 2000s (Fahrbach et al., 2004, 2011).
In association with the θ trends, γ n showed an increasing
trend in ECMWF and MyOcean (and a decreasing trend in
SODA). Robertson et al. (2002) clearly showed that WDW
density decreased during the period 1971–2000.
Fahrbach et al. (2011) reported warming and increasing
salinity trends for the WSDW layer between the 1980s and
2000s in section WOCE A12. In this context, all reanalysis
products that had statistically signiﬁcant trends showed cool-
ing and freshening trends for this section, which were asso-
ciated with an increase in density (Table 4). This discrepancy
may have been caused by the different criteria used to de-
ﬁne the AABW varieties. Robertson et al. (2002) also found
a warming trend from the 1970s to 1990s in the WOCE SR4
section, although their results were not statistically signif-
icant given the interannual variability of their data. In this
section, a warming trend (+0.0049 ◦Cyr−1) was reproduced
by ECCO2 (1992–2004) followed by an increase in salin-
ity (+0.0003yr−1). The MyOcean reanalysis (1993–2004)
also showed an increase in θ and S, but none of the proper-
ties considered were statistically signiﬁcant (Table 4). All re-
analyses examined showed a γ n decreasing trend for WOCE
SR4 (except for the SODA product; Table 4). AABW obser-
vations showed a warming trend for the global AABW ex-
portedfromtheSouthernOceanandareductioninitsvolume
(e.g., Purkey and Johnson, 2010, 2012; Azaneu et al., 2013).
The latter may be a consequence of the downward trend in
AABW density, although no sign of freshening has been
found in the inner Weddell Sea (Azaneu et al., 2013). Re-
cently, Jullion et al. (2013) reported a signiﬁcant freshening
of AABW of −0.004decade−1 in the Drake Passage, with no
signiﬁcant decrease in its thickness. In section WOCE A12,
the reanalyses showed a freshening trend in WSDW of the
same order as that found by Jullion et al. (2013) and Aza-
neu et al. (2013) for AABW. In section WOCE SR4, only
ECMWF showed a freshening trend that corresponded with
the one found by Azaneu et al. (2013, Table 4).
Throughout the Weddell Sea, bottom waters have been
warming with no clear change in salinity (e.g., Robertson et
al., 2002; Fahrbach et al., 2004, 2011; Purkey and Johnson,
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Figure 16. Same as in Fig. 12, but for WSBW.   1157 
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Figure 16. Same as in Fig. 12, but for WSBW.
2010; Azaneu et al., 2013). Considering all statistically sig-
niﬁcant results of the ocean reanalysis time series, the den-
sity of WSBW is declining, but the causes are not clear be-
cause both cooling/freshening and warming/increasing salin-
ity were reproduced (Table 4). The ocean reanalyses that
showed a warming trend (MyOcean and SODA) also pre-
sented an increase in salinity, while ECMWF showed cool-
ing and freshening trends (Table 4). A freshening trend of the
WSBW would be expected as a result of shelf water freshen-
ing (e.g., Hellmer et al., 2011; Azaneu et al., 2013) because
this bottom water results from shelf water mixing. However,
clear salinity changes have not yet been observed in the deep
layers of the Weddell Sea (Azaneu et al., 2013); the causes
are not yet clearly identiﬁed but could be the result of the op-
posing effects of source waters and dynamic processes mask-
ing signal identiﬁcation.
In general, it appears that all of the reanalysis products
require considerable development to improve their represen-
tation of the Weddell Sea water masses, particularly in their
representation of dense-water production and overﬂows. The
choiceofthereanalysisproductthatbestreproducesthemain
regional oceanographic patterns depends upon one’s partic-
ular interest. For example, if the primary interest is in de-
scribing prominent oceanographic features, e.g., water mass
distribution and thermohaline values, MyOcean produces re-
sults closest to the observational data; thus, MyOcean is
considered the best product for this purpose. If trends and
temporal variability in the water masses are the major moti-
vations, the choice of reanalysis product is dependent on the
water mass evaluated. For WDW, SODA captured the warm-
ing, the salinity increase and the density decrease patterns
that were found in the observations. For WSDW, the ECCO2
results were closer to the observational estimates, reproduc-
ing the freshening trends in WOCE SR4 and the warming
in WOCE SR4 and WOCE A12. Finally, for WSBW, My-
Ocean and SODA were able to capture the warming pat-
tern recorded in the data set, although the simulated salin-
ity increase in WOCE A12 and decrease in WOCE SR4 are
not clear in the real ocean. Caution is advised regarding the
anomalous periods that were seen in most of the reanalyses
that were assessed.
Overall, our results suggest that the MyOcean and SODA
products are valuable tools for studying the states of deep
layers in the Weddell Sea because these tools closely repro-
duce the hydrographic absolute values of the observational
data and capture the main regional features. More effort is
needed to address surface layers because several complex
processes acting on the ocean surface – e.g., atmosphere–
ocean–cryosphere interactions – may not be correctly re-
produced, causing large differences in absolute values. A
good representation of the surface layer is also vital for
the representation of the deep layers because deep water
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masses are dependent on the thermohaline characteristics of
surface water masses (Foster and Carmack, 1976) that re-
sult from these atmosphere–ocean–cryosphere interactions
(Whitworth et al., 1998). The variability and trends repre-
sented by ocean reanalyses may still have some biases be-
cause the Southern Ocean suffers from a lack of in situ data
and is biased by summer observations. A better representa-
tion of ocean features and hydrographic properties by ocean
reanalysis will be useful for long-term studies in polar re-
gions to better understand the connections between ocean
variability and possible implications for the global climate.
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